Background/Aims: Uremic cardiomyopathy (UCM) is a complication in chronic kidney disease. We investigated if endoplasmic reticulum stress (ERS) is involved in UCM, and determined the efficacy of tauroursodeoxycholic acid (TUDCA) in UCM prevention. Methods: Mice were divided randomly into three groups: sham (saline, i.p), 5/6 nephrectomized (Nx) (saline, i.p) and Nx+TUDCA (250 mg/kg/day, i.p.). Renal function was assessed by measuring serum creatinine, blood urea nitrogen and by periodic acid-Schiff reagent staining. Histologic examination of cardiac fibrosis and apoptosis was determined by Masson's trichrome and TUNEL assay. Cardiac function was evaluated by echocardiography. Fibrotic factors (transforming growth factor-β, fibronectin, collagen I/IV) were evaluated by real-time PCR. ERS-related proteins were measured by western blotting. Results: Impaired renal function and cardiac dysfunction were shown in 5/6 nephrectomy mice but were improved significantly by TUDCA. 5/6 nephrectomy mice exhibited marked cardiomyocyte apoptosis, cardiac fibrosis and elevated pro-fibrotic factors. ERS markers (GRP78, GRP94, P-PERK, P-eIF2a) and ERS-induced apoptosis pathways (activation of CHOP and caspase-12) were increased significantly in 5/6 nephrectomy mice, and TUDCA treatment blunted these changes. Conclusions: ERS has a key role in UCM, and the cardioprotective role of TUDCA is related to inhibition of ERS-induced apoptosis by inhibition of CHOP and caspase-12 pathways.
reports have demonstrated that > 40% of deaths among patients with end-stage renal disease is due to cardiovascular disease (CVD) [1] . Gansevoort et al. stated that the reninangiotensin-aldosterone system, uremic toxins, inflammation, oxidative stress, and anemia play key parts in the pathogenesis of cardiac disease in CKD [2] . The uremic milieu carries several risk factors for cardiac disease that can give rise to uremic cardiomyopathy (UCM) [3] . Cross-sectional studies have demonstrated that left-ventricular hypertrophy (LVH), an independent risk factor for survival, is the most prevalent cardiac alteration in CKD [4] . LVH is a well-recognized risk factor for CVD, but CKD patients develop LVH early in the progression of renal disease [5] . In CKD patients, cardiac remodeling is characterized by alteration in the shape, size and function of the heart in response to cardiac injury. Cardiomyocytes and fibroblasts are also involved in the development of cardiac remodeling, and increased apoptosis of cardiomyocytes and upregulated synthesis of collagen eventually leads to cardiac fibrosis [6] . However, the exact mechanisms of UCM are incompletely understood.
Cardiomyocyte apoptosis plays an important part in cardiac remodeling and leads to systolic dysfunction or even sudden death [7] . The endoplasmic reticulum (ER) mediates apoptosis in response to various types of stress [8] . The ER participates in protein folding, Ca 2+ homeostasis, biosynthesis of lipids, and the stress response in many mammalian cell types. Excessive misfolding or unfolding of proteins in the ER result in activation of transmembrane sensors (e.g., inositol-requiring enzyme-1a (IRE-1a), RNA-dependent protein kinase-like ER kinase (PERK) and activating transcription factor (ATF6)), which in turn activate endoplasmic reticulum stress (ERS) [9] . However, prolonged or excessive ERS initiates apoptosis pathways, such as transcriptional induction of CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP/GADD153), as well as activation of c-Jun NH 2 -terminal kinase and a caspase-12-dependent pathway [10] . Recently, ERS-induced apoptosis has been implicated as a major factor in various types of cardiovascular disorders: cardiac hypertrophy, cardiac failure, ischemic heart disease, and atherosclerosis [11] [12] [13] [14] [15] .
Tauroursodeoxycholic acid (TUDCA) is an endogenous bile acid and considered to be a potential inhibitor of apoptotic signaling. A growing body of evidence has demonstrated that TUDCA, as a "molecular chaperone", can prevent prolonged ERS directly by inhibiting the unfolded protein response (UPR) and its downstream pathway [16, 17] . However, the protective role of TUDCA in UCM is not clear.
Here, we wished to: (i) ascertain if ERS-induced cardiomyocyte apoptosis and its downstream signaling pathway are involved in UCM; (ii) investigate the potential role of TUDCA treatment in uremic-induced cardiomyocyte injury.
Materials and Methods
The study protocol was approved by the Ethics Committee of Fudan University (Shanghai, China). Experiments were conducted according to Guidelines for the Care and use of Animals (National Institutes of Health, Bethesda, MD, USA).
Animal model and experimental protocol
According to Cheung's study, Kidney ablation (5/6 nephrectomy (Nx)) was carried out in male C57BL/6J mice (22-25 g) [18] . All mice were divided randomly into three groups: (i) sham-operated and injected with physiologic (0.9%) saline as vehicle (Sham+V); (ii) 5/6 nephrectomy-operated and injected with 0.9% saline as vehicle (Nx+V); (iii) Nx mice treated with TUDCA (250 mg/kg/day, i.p.) (Nx+TUDCA) [17] . Administration of 0.9% saline or TUDCA was continued to 12 weeks. Serum creatinine (sCr) was measured using enzyme-linked immunoassay kits (Exocell, Philadelphia, PA, USA) according manufacturer instructions, and blood urea nitrogen (BUN) was measured using urease methods (BioTNT company, Shanghai, China).
Histologic examination
Samples of kidney tissue (thickness, 4 µm) were fixed in 4% paraformaldehyde and embedded in paraffin. Then, they were stained with periodic acid-Schiff reagent (PAS) according to standard procedures. Specific criteria were used for tissue grading: 0, no abnormality; 1+, minor (segmental lesion < 25%); 2+, mild (25 -50%); 3+, moderate (51 -75%); 4+, severe (> 75%, diffuse proliferation and nearly complete sclerosis). A minimum of 20 glomeruli was assessed in each specimen [19] . Fresh samples of left ventricles were also fixed using 4% paraformaldehyde and embedded in paraffin, and then cut into slices of thickness 4 µm. Total collagen content in myocardial tissue was determined by staining with Masson's trichrome. Results are shown as the percentage of total myocardial area, and the ratio of collagen fiber: muscular tissue was calculated [20, 21] . All histologic examinations were undertaken in a blinded fashion.
Echocardiographic evaluation
Echocardiography was carried out to detect the development of UCM after 12 weeks. M-mode echocardiography was undertaken using a high-resolution imaging system (Vevo 770 ® ; Fujifilm VisualSonics, Tokyo, Japan) and a 30-MHz mechanical transducer. Mice were anesthetized and maintained at a body temperature of 37°C during the non-invasive imaging procedure. The echocardiographic parameters measured were: heart rate (HR); left-ventricular ejection fraction (LVEF); left-ventricular fractional shortening (LVFS); left-ventricular internal dimension systole (LVIDs); left-ventricular internal dimension diastole (LVIDd); left-ventricular diastolic posterior wall thickness (LVPWd); left-ventricular systolic posterior wall thickness (LVPWs).
Real-time polymerase chain reaction (PCR)
Total RNA was extracted from the heart using an RNA Isolation kit (Invitrogen, Carlsbad, CA, USA) according to manufacturer instructions. Reverse transcription of RNA was done using a First-stand cDNA Synthesis kit (Fermentas, Waltham, MA, USA). Gene expression was measured using a 7500 Detection System (Applied Biosystems, Foster City, CA, USA). Oligonucleotides were designed and synthesized by Invitrogen ( Table 1 ). The comparative 2 -ΔΔCT method was used to calculate the relative amounts of target genes.
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay
Cardiomyocyte apoptosis was detected using a TUNEL kit (Roche, Basel, Switzerland) according to manufacturer instructions. In brief, after deparaffinization and rehydration, sample sections were treated with protease K (20 μg/mL) for 15 min. Then, slides were immersed in a TUNEL reaction mixture for 60 min in the dark at 37°C. Slides were assessed by fluorescence microscopy. The TUNEL Index was calculated as the ratio of the number of TUNEL-positive cells divided by the total number of cells. At least ten random fields were evaluated in each location of the heart (magnification, × 400).
Western blotting
Western blotting of heart tissue was undertaken as described previously [22] . After blotting, membranes were incubated overnight with an antibodies against GRP78 (1:1000 dilution; Cell Signaling Technology, Beverly, MA, USA); GRP94 (1:1000; Cell Signaling Technology); P-PERK (1:1000; Cell Signaling 
Technology); P-eIF2a (1:1000; Cell Signaling Technology); CHOP (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and caspase-12 (1:500; Santa Cruz Biotechnology). After washing, blots were incubated with secondary antibody for 2 h. Membranes were visualized with an enhanced chemiluminescent system (Amersham, Little Chalfont, UK) and band intensity quantified using Quantity One (Bio-Rad, Hercules, CA, USA).
Statistical analyses
Data were expressed as means ± the standard error of the mean (SEM). One-way ANOVA was used to compare mean values, and significance was accepted when p < 0.05. (Fig. 1) . However, treatment with TUDCA markedly improved kidney damage and decreased the Glomerular Injury Score (0.87 ± 0.07) (Fig. 1A-D) . Similarly, levels of sCr and BUN were increased in Nx+V mice (0.86 ± 0.05 and 81.63 ± 3.18 mg/dL, respectively) compared with Sham+V mice (0.15 ± 0.01 and 22.16 ± 0.93 mg/dL, respectively). Levels of sCr and BUN were reduced in Nx+TUDCA mice (0.49 ± 0.03 and 44.58 ± 2.07 mg/dL, respectively) compared with Nx+V mice (Fig. 1E, F) . 
Results

Impaired renal function in Nx mice is improved in Nx+TUDCA mice
Renal damage was evaluated by PAS staining, sCr level, and BUN level. Compared with the Sham+V group (Glomerular Injury Score, 0.19 ± 0.06), Nx+V mice exhibited significantly expanded mesangial regions and glomerulosclerosis (3.41 ± 0.12)
Discussion
Chronic heart failure is considered to be the major cause of cardiovascular death in patients with CKD and end-stage renal disease [23] . UCM is characterized by cardiomyocyte apoptosis and interstitial myocardial fibrosis [24] . However, the various pathways responsible for cardiomyocyte apoptosis in etiologically different cardiac diseases (including UCM) have not been identified.
In the present study, significant renal dysfunction, left-ventricular dysfunction, and UCM were demonstrated in mice after 5/6 nephrectomy. We also demonstrated that UCM is mediated by ERS and ERS-induced apoptosis in an in vivo study. According to Gupta S's research, TUDCA could prevent acuate kidney injury in rat and cell culture models through anti-apoptotic properties [25] . In present study, we found that TUDCA treatment ameliorated renal injury, heart dysfunction and interstitial myocardial fibrosis significantly, and attenuated ERS and ERS-induced cardiomyocyte apoptosis markedly by inhibiting CHOP and caspase-12 signaling pathways. Our research suggests that TUDCA could be a new therapeutic agent for UCM or other cardiac diseases.
5/6 nephrectomy is a classic model of end-stage renal disease. In the present study, sCr level, BUN level and scores for PAS staining were increased significantly in 5/6 nephrectomy mice. 5/6 nephrectomy also induced dysfunction and remodeling of the left ventricle, which was accompanied by cardiomyocyte apoptosis and myocardial interstitial fibrosis.
The pathogenesis of UCM is incompletely understood. TGF-β is a key mediator in fibrosis of solid organs, and has been implicated in UCM progression [26] . In our 5/6 nephrectomy model, renal dysfunction led to cardiomyocyte apoptosis and myocardial fibrosis as detected by the TUNEL assay and staining with Masson's trichrome. Levels of several factors denoting fibrosis in heart tissue, including TGF-β, fibronectin, collagen I and collagen IV, were increased significantly in the 5/6 nephrectomy group. TUDCA treatment could not only attenuate leftventricular dysfunction and renal injury, but also decreased cardiomyocyte apoptosis and myocardial fibrosis.
The transmembrane proteins IRE-1a, PERK, ATF6 are components of ERS and play vital parts in the maintenance of ER function. In health, IRE-1a, PERK and ATF6 combine with GRP78 or other chaperone molecular proteins. GRP78 is considered to be a key chaperone protein during ERS, and has been widely used as an ERS marker [27] . When cells were under ERS, GRP78 then binding increased misfolded or unfolded protein and released from the ERS sensor protein, eventually leaded to IRE-1a, PERK and ATF6 activation [28] . Activation of ATF-6 and IRE-1 can increase transcription of UPR-related genes; PERK prevents ERS mainly by initiating the phosphorylation of eIF2a protein directly [29, 30] . If eIF2 is phosphorylated by PERK, it then binds to eIF2B and prevents recycling of eIF2-GDP to eIF2-GTP. The lower level of eIF-GTP inhibits assembly of the 43S translation initiation complex and prevents synthesis of misfolded or unfolded proteins [31, 32] . In the present study, expression of the chaperone proteins GRP78 and GRP94 was increased markedly in our animal model of UCM, and activation of P-PERK and P-eIF2a was also increased significantly. However, TUDCA treatment could decrease expression of these ERS markers and transmembrane proteins significantly. These data suggest that the PERK/eIF2a pathway has an important role in UCM.
Apoptosis is also involved in myocardial stress (including ventricular remodeling). Inhibition of cardiomyocyte apoptosis is considered to be a key treatment target of myocardial injury [33] . Various signaling pathways have been implicated in cardiomyocyte apoptosis. Of these apoptosis pathways, CHOP is one of the most important, and is related to ERS. CHOP protein belongs to the C/EBP family of transcription factors. Activated ATF-6 can induce activation of CHOP, which is also a downstream target of X-box binding protein (XBP)-1 [34] . A growing body of evidence suggests that CHOP overexpression can promote apoptosis, and that CHOP deficiency can protect cells against ERS-induced apoptosis [35, 36] . Previously, we showed that CHOP-mediated ERS contributes to aldosterone-induced apoptosis in tubular epithelial cells [37] . Taken together, CHOP appears to have a key role in the apoptosis caused by ERS. Furthermore, Okada et al. demonstrated that a CHOP-mediated ERS apoptotic pathway is involved in murine heart failure [38] . CHOP signaling has also been shown to be involved in myocardial apoptosis in streptozocin-induced diabetic rats [39] . In the present study, we focused on CHOP-mediated apoptotic signaling in UCM. We observed that activation of CHOP and apoptosis was increased significantly in the 5/6 nephrectomy group compared with mice in the Sham group. TUDCA treatment could inhibit CHOP activation and decrease cardiomyocyte apoptosis as confirmed by a reduction in the number of TUNEL-positive cardiomyocytes. Caspase-12 is localized exclusively in the ER and plays a key part in ERS-induced apoptosis. Activated caspase-12 can cleave procaspase-9 into active caspase-9, which in turn activates procaspase-3, eventually leading to apoptosis [40] . Caspase-12-mediated apoptosis is a specific pathway of ERS because membrane-or mitochondrial-targeted signaling cannot activate caspase-12 [41] . m-calpain may be involved in precursor cleavage of caspase-12. If cells undergo ERS, Ca 2+ is transferred into the ER membrane and m-calpain is activated. This process initiates activation of the caspase-12 precursor and, eventually, cleaved caspase-12 starts activation of a caspase-3 cascade [42] . Our results demonstrated that expression of cleaved caspase-12 and cardiomyocyte apoptosis were increased significantly in the 5/6 nephrectomy group compared with sham group, and that TUDCA treatment could attenuate ERS and UCM.
Conclusion
The present study showed that ERS-associated signaling was involved in UCM, probably by increasing expression of ERS-related transmembrane proteins (P-PERK, P-eIF2a) and by activating CHOP and caspase-12 pathways, thereby leading to cardiomyocyte apoptosis in UCM. Treatment with TUDCA could reduce cardiomyocyte apoptosis in the hearts of 5/6 nephrectomized mice. These data may provide important new insights into the cardioprotective role of TUDCA, and could lead to development of a therapeutic agent for UCM or other cardiac diseases. Ding 
